Electrical properties of p À -Si/n À -SiC, p-Si/n À -SiC, p þ -Si/n À -SiC, and n þ -Si/n À -SiC heterojunctions fabricated by using surface-activated bonding are investigated. Their flat-band voltages obtained from capacitance-voltage (C-V) measurements are found to be $0.92 eV, which suggests that the Fermi level should be pinned at the bonding interface. An analysis by using the charge neutral level model reveals that the C-V characteristics are sensitive to the density of interface states. The measured C-V characteristics of p þ -Si/n À -SiC and n þ -Si/n À -SiC junctions are in quantitative agreement with modeled ones obtained for the interface states density and the conduction-band discontinuity of 2.3 Â 10 13 cm À2 eV À1 and 0.3 eV, respectively. V C 2014 AIP Publishing LLC. Silicon carbide (SiC) based devices are promising as the next generation power devices because of its unique physical properties such as a wide band gap, a high thermal conductivity, a high electron saturation velocity, the high physical and chemical stability, and a high breakdown field. 1 The combination of SiC with Si technologies has potential application for bipolar transistors with wide band gap emitters, 2,3 switching devices, 4 electroluminescence devices, 5 and sensors. 6 In growing SiC layers on Si, 7 because of the large lattice mismatch and difference in thermal expansion coefficients between Si and SiC, a marked residual stress and defects with high densities are frequently encountered, which limits the intrinsic performance of grown Si/SiC heterojunctions. 8 One way to overcome these difficulties is direct wafer bonding such as hydrophilic wafer bonding 9 and surfaceactivated bonding (SAB). 10 In SAB, surfaces of substrates are activated by the fast atom beams of Ar prior to bonding, which enables us to bond substrates without heating them. [10] [11] [12] [13] However, interface states with high densities are likely to be formed in the SAB process since dangling bonds are unveiled on sample surfaces due to the irradiation of Ar atom beams. It was pointed out that such interface states modified potential barriers at the interface of n-GaP/nInGaP 14 and p-GaAs/n-GaN junctions. 15, 16 In n-n and p-n Ge/SiC heterojunction diodes, the interface states caused the pinning of Fermi-level. 17 Reported conduction band discontinuities in Si/SiC heterojunctions are largely scattered between 0.21 and 1.9 eV. 7, 18 This suggests that the electrical properties of the Si/SiC heterojunctions should be largely varied by the possible interface states. The impact of the interface states to the electrical properties of Si/SiC junctions has not yet been fully understood.
In this letter, we report on the electrical properties of Si/ SiC heterojunctions fabricated by using SAB. We measured their current-voltage (I-V) and capacitance-voltage (C-V) characteristics. Furthermore, we analyzed the influence of charges in the interface states on the electrical characteristics of p þ -Si/n À -SiC and n þ -Si/n À -SiC junctions by using the charge neutral level (CNL) model. 19 We used four types (p À -, p-, p þ -, and n þ -) of (100) Si substrates and n À -4H-SiC epitaxial substrate. Their carrier concentrations are shown in Table I . The carrier concentrations of Si substrates were estimated by Hall measurements at room temperature. Al/Ni/Au multilayers were evaporated on the backsides of p À -, p-and p þ -Si substrates and n À -SiC epitaxial substrates, respectively. The ohmic contacts of ptype Si and n-type SiC were formed by a rapid thermal annealing at 400 and 1000 C for 60 s in N 2 gas ambient, respectively. Then, we bonded each of the p-type substrates to the SiC epitaxial substrates so that p À -Si/n À -SiC, p-Si/n À -SiC, and p þ -Si/n À -SiC junctions were fabricated. n þ -Si/n À -SiC junctions were fabricated by evaporating Ti/Au multilayers on the backsides of n þ -Si substrates after the bonding. All of the four junctions were diced into 4 mm 2 pieces. A Ni/n À -SiC Schottky diode was fabricated by deposition of 100 nm nickel film on the surfaces of n À -SiC substrates. Prior to Schottky contact deposition, the ohmic contacts of substrates were formed. Their I-V and C-V characteristics were measured using an ADCMT 6242 Source Measurement Unit and an Agilent E4980A Precision Impedance Analyzer, respectively. 
and Ni/n À -SiC junctions measured at room temperature and a frequency of 10 kHz are shown in Fig. 1 . The characteristics indicated a straight line and the flat band voltages were found to be 0.92, 0.88, 0.92, and 0.92 V for p
À -SiC, and n þ -Si/n À -SiC junctions, respectively, by linearly extrapolating 1/C 2 to zero. It is noteworthy that the flat band voltages are $0.9 V, irrespective of the polarity and the doping concentrations of Si substrates. The estimated flat band voltage is markedly small in comparison with previous reports ($2 V) for n-Si/n-SiC 7,20 and p-Si/n-SiC 9 heterojunctions. The inset shows the 1/C 2 -V characteristics of p þ -Si/n À -SiC junctions measured at room temperature and frequencies between 1 kHz and 1 MHz. The frequency dispersion was not observed on the bias voltage between À3 and 0 V. Similar to p þ -Si/n À -SiC junctions, the frequency dispersion was also not observed in n þ -Si/n À -SiC junctions (not shown in this figure) . Using the slopes of 1/C 2 -V characteristics, the donor concentrations of the n À -SiC epitaxial layer were estimated to be 3.10 Â 10 15 , 3.12 Â 10 15 , and 6.52 Â 10 15 cm À3 , for p þ -Si/n À -SiC, n þ -Si/n À -SiC, and Ni/n À -SiC junctions, respectively.
The I-V characteristics of p þ -Si/n À -SiC and n þ -Si/n À -SiC junctions measured at various temperatures are shown in Figs. 2(a) and 2(b) , respectively. The respective curves revealed rectifying properties similarly to those in conventional pn junctions. The reverse-bias current increased with increasing the bias voltage and the temperature of the measurement in each junction. It is noteworthy that the I-V characteristics of the two junctions at each temperature are similar to each other. The activation energy of the reversebias current at À3 V was estimated to be 0.37 and 0.39 eV for p þ -Si/n À -SiC and n þ -Si/n À -SiC junctions, respectively. The flat-band voltage V d is expressed as
and
for p þ -Si/n À -SiC and n þ -Si/n À -SiC junctions, respectively. Note that q is the elementary charge, E gp is the energy gap of p þ -Si, DE c is the conduction-band discontinuity, and d p-si , d n-si , and d n-sic refer to the position of the Fermi level relative to the valence-band maximum in p þ -Si, relative to the conduction-band minimum in n þ -Si and relative to the conduction-band minimum in n À -SiC, respectively. Here, we assumed that no electric charges are placed at the interface. From these expressions, DE c was estimated to be 0.05 and 1.09 eV for the p þ -Si/n À -SiC and n þ -Si/n À -SiC junctions, respectively. The disagreement in DE c between the two junctions, which stems from the result that the flat band voltages of the junctions were close to each other, suggests that interface states with high densities are formed at the bonding interfaces and the Fermi level is pinned.
In analyzing the influence of the interface charges on the C-V characteristics of p þ -Si/n À -SiC and n þ -Si/n À -SiC junctions, we assume the followings: (1) The interface states are uniformly distributed in the overlap of band gaps of SiC and Si layers. Their density (D it ) is, consequently, independent of their energy. (2) Carriers trapped in the interface states are in thermal equilibrium with those in Si layer, i.e., the Fermi level in the interface states coincides with that in Si layers irrespective of bias voltages. (3) The distribution of charges in Si layer is locally determined by solving Poisson's equation, and the distribution of charges in SiC layer is estimated by using the space charge in the depletion layer. (4) The sum of the sheet charge densities in the entire junctions is zero. For p þ -Si/n À -SiC junctions, interface-state charge density (Q it ) can be defined as
where Q Dit and Q Ait are positive charge density in the donorlike states and negative charge density in the acceptor-like states, respectively. The energy of CNL E CNL is preset as 0.36 eV 21 above the valence band edge of Si. The state occupation function F it is given by
where E FP is the Fermi level in p þ -Si, k is the Boltzman constant, and T is the temperature. Note that Q it is determined when the surface potential in the p þ -Si layer w s is given. The charge per unit area in the p þ -Si layer Q p-si is also obtained for a given w s . 21 Noting that the total charge per unit area must be equal to zero, the depletion layer thickness W is expressed as
using the donor concentration N n-sic of n À -SiC epitaxial layer which was obtained from the C-V characteristics of Ni/n À -SiC junctions. Furthermore, the bias voltage is expressed using the above parameters (not shown). Thus, the relationship between capacitance and bias voltage is numerically calculated. The C-V characteristics in the n þ -Si/n À -SiC junctions are obtained in similar manners.
The 1 13 cm À2 eV À1 and 0.3 eV, respectively. The estimated DE c is similar to a previous report for Si/SiC junctions 20 that were fabricated by plasma-enhanced chemical vapordeposition. We find that the obtained D it is much larger than a previously reported one for Si/SiC heterojunctions fabricated by direct wafer bonding. 22 In spite of such large D it values, the result that frequency dispersions were negligible in the C-V characteristics of p þ -Si/n À -SiC junctions [see the inset of Fig. 1 ] suggests that SAB-based Si/SiC junctions with heavily-doped Si layers might be applicable for novel devices. Given that the amorphous layer at the bonding interface induces D it , it should be reduced by thinning the amorphous layer. According to our previous report, 10 the amorphous layer becomes thin with increasing the annealing temperature and finally vanishes after annealing at 1000 C. Based on these estimations, the energy-band diagrams for p þ -Si/n À -SiC and n þ -Si/n À -SiC junctions are depicted. The band diagrams at bias voltages of 0 and À 3 V of the respective junctions are shown in Figs. 4(a) and 4(b) . We find by comparing the two figures that the band profiles in the SiC layers of the respective junctions are similar to each other. Consequently, the results of the I-V measurements that (1) the entire I-V characteristics of the p þ -Si/n À -SiC and n þ -Si/n À -SiC junctions are close to each other irrespective of the ambient temperatures and (2) the activation energy of the reverse-bias current is close to each other (0.37 and 0.39 eV at À3 V for the p þ -Si/n À -SiC and n þ -Si/n À -SiC junctions, respectively) suggest that the reverse-bias current occurs due to (1) the thermal excitation of electrons from the valenceband (conduction-band) edges in the p þ -Si (n þ -Si) layers of the respective junctions and (2) the subsequent tunneling process across the SiC depletion layer.
In summary, we fabricated p À -Si/n À -SiC, p-Si/n À -SiC, p þ -Si/n À -SiC, and n þ -Si/n À -SiC junctions using surface activated bonding and measured their electrical properties at 
